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Sledovi metalurške dejavnosti na keramičnih fragmentih 
Žiga Š M I T in Mar i jan N E Č E M E R 
Izvleček 
Kose dveh keramičnih predmetov, ki so jih domnevno upo-
rabljali v zgodnji metalurgiji, smo pregledali z metodama rent-
genske fluorescence in protonsko vzbujenih rentgenskih žarkov. 
Na notranji površini enega od predmetov smo našli poveča-
ne koncentracije bakra, železa, žvepla in sledove arzena. Ti 
elementi kažejo, da lahko predmet povežemo z metalurgijo 
bakra iz sulfidnih rud. 
Abstract 
Fragments of two clay objects, supposedly used in early 
metallurgy, were examined by the method of X-ray fluoros-
cence and proton-inducted X-ray emission. The inner surfa-
ce of one object was enriched in copper iron, sulphur, and 
traces of arsenic. According to these elements, the object 
may be related to the copper metallurgy based on sulphide 
ores. 
Keramični kosi, ki p r ipada jo p r e d m e t o m a z in-
ven ta rn ima številkama 11852 in 11852 in so po-
drobne je opisani v p re j šn jem sestavku,1 so ver-
je tno deli posod iz zgodnjega kovinskega obdob-
ja. Kot nadal jn j i dokaz za to tezo smo poskusili 
poiskati mate r ia lne os tanke , ki bi pričali o tal je-
nju kovin. Pričakovati smemo, da s ta l jena kovina 
pusti na steni posod sledove, vsaj tanko plast žlindre 
z ostanki p re ta l j ene kovine. Deli obeh p redme-
tov so namreč dovolj dob ro ohran jen i , da lahko 
prepoznamo notranje površine, ki so verjetno prišle 
v stik s s ta l jeno kovino. Povečane koncent rac i je 
kovin na not ran j i površini bi tore j pomeni le , da 
p redmeta 11851 in 11852 zares uporabiljali kot 
o rod je v metalurških pos topkih . 
Z opt ično emisijsko spekt roskopi jo so doka-
zali pr isotnost bakra (1-4 %) na not ran j i površi-
ni epi lengyelske livarske žlice.2 S podobno me-
todo so dokazali rudarsko in topilniško dejavnost 
s kosi t rom v osrednj i južni Turčiji. Koncent rac i je 
kosi tra v različnih vzorcih žl indre in na s tenah 
keramičnih talilnih lončkov so določili z elektronsko 
vzbujeno rentgensko fluorescenco in z masno spek-
t roskopi jo sekundarn ih ionov. Dobl jeni rezul tat i 
so z veliko ve r j e tnos t jo potrdil i , da so v pokra j in i 
pridobivali kosi ter .3 
Površini obeh p redmetov sta bili različnega vi-
deza. Kosi p r e d m e t a 11851 so bili graf i tno sive 
barve, med not ran j imi in zunanj imi površinami 
ni bilo razlike. Z u n a n j a površina pri p r edme tu 
11852 je spominja la na slabo žgano glino, no t ra -
nja površina pa je bila prekr i ta s t e m n o rume-
nor javo skorjo, debelo neka j deset ink mil imetra . 
Podobno r u m e n o skor jo je mogoče videti na ste-
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nah kamni tega ka lupa , ki ga kaže slika 5 v delu 
pod op. 4, vendar je barva v našem p r imeru ne-
koliko t emnejša . 4 
Površine obeh kosov smo premeril i z dvema ne-
des t rukt ivnima m e t o d a m a , ki temel j i ta na rent -
genski f luorescenci : z ob iča jno ren tgensko fluo-
rescenčno analizo ( X R F ) , ki za vzbujan je a tomov 
uporab l j a kadmijev radioakt ivni izvor, in z me-
t o d o p r o t o n s k o vzbu jen ih r en tgensk ih žarkov 
(PIXE). V obeh primerih ioniziramo atome v vzorcu, 
kar opravimo bodisi z absorpci jo fo tonov ( X R F ) , 
bodisi s p ro tonskimi trki ( P I X E ) . Atomi med re-
kombinac i jo izsevajo karakter i s t ične ren tgenske 
žarke, ki nam omogoča jo ident i f ikaci jo e lemen-
tov v vzorcu in tudi n j ihovo kvant i ta t ivno določi-
tev. Izsevane ren tgenske žarke smo meril i s sili-
cij -litij evim polprevodniškim d e t e k t o r j e m z loč-
lj ivostjo 150 eV pri 5,9 keV. P o m e m b n a razlika 
med obema m e t o d a m a je bila velikost površine, 
ki smo jo zajeli pri posamezni meritvi . Pri meto-
di X R F smo uporabil i nekol imiran fotonski snop, 
s ka te r im smo obsevali neka j cm 2 vzorca. Presek 
p ro tonskega žarka pri metod i P I X E pa je bil le 
neka j mm 2 . Ta lastnost p ro tonskega žarka nam je 
omogoči la , da smo na površini p redme tov prei-
skali gladka mesta z e n a k o m e r n o sestavo. 
Meri tve z m e t o d o X R F smo opravili na vseh 
površinah, ki so bile dovolj velike in na kater ih 
ni bilo restavratorskega lepila. Rezultati jasno kažejo 
povečano pr isotnost bakra na no t ran j i površini 
p redmeta 11852 (si. 1). Koncentrac i jo bakra v po-
vršinski skorji smo ocenili na 1,5 %, kar je prib-
ližno t r idese tkra t več kot vsebnost bakra 0,05 % 
v sami glini, ki smo jo izmerili na zunanj i površi-
ni. Koncentracija bakra vsrednjevelikem kosu pred-
meta 11852 je bila manjša , okrog 0,1 %. Na no-
t ranj ih površinah 11852 smo zaznali tudi arzen, 
ki je nečis toča v bakrovih rudah . 
Meri tve z m e t o d o P I X E smo opravili na dveh 
največjih kosih p r e d m e t a 11852 in na no t ran j ih 
površinah p redmeta 11851. Energi ja protonov pri 
prvi seriji meri tev je bila 1,4 Me V, vzorce pa smo 
merili v vakuumski celici. Vzbu jene ren tgenske 
žarke smo zaznavali v š i rokem energ i j skem ob-
močju 3-30 keV, tako da smo lahko merili črte K 
do an t imona . Na no t ran j i površini 11852 smo tu-
di tokra t opazili močno prisotnost bakra s sledo-
vi arzena in svinca. Razmer je koncentraci j , ki smo 
jih določili na obeh s t raneh p r e d m e t a 11852, je 
bilo za dober red velikosti večje kot pri meri tvah 
z m e t o d o XRF. Toda ker n ismo opravili nobenih 
re fe renčn ih meri tev, nismo mogli določit i abso-
lutnih vrednosti . Pri drugi seriji meri tev smo upo-
rabili p ro tonski žarek z energi jo 2 M e V v zraku. 
Abso lu tne koncent rac i je smo pre računa l i glede 
na koncent rac i jo a rgona v zraku, pri čemer smo 
za r e f e renco uporabi l i debe lo a lumini jevo in ba-
krovo tarčo. Energ i j sko okno de t ek to r j a smo na-
stavili na območje 1-13 keV. Uporabi l i nismo no-
benih absorber jev za rentgenske žarke, razen 6,4 
cm široke zračne reže med tarčo in d e t ek to r j em . 
Taka nastavitev nam je omogočila opazovanje meh-
kih rentgenskih žarkov, vendar smo s tem zmanjšali 
občutl j ivost meri tev za trše ren tgenske žarke (si. 
2). I zmer j ene koncent rac i je glavnih sestavin so 
negotove za 10 %, slednih e lementov pa za fak-
tor dva. 
Rezul ta t i (tab. 1) kažejo, da no t r an j a površina 
p r e d m e t a 11852 vsebuje prece j več bakra , žvepla 
in železa. Koncent rac i ja železa v skorji je večja 
za 12 %. Sklepamo, da je snov, ki se je pri lepila 
na glinasto površino, sestavl jena iz pr ibl ižno 40 
% bakra , 34 % železa in 26 % žvepla. Te koncen-
traci je se dobro u j e m a j o s sestavo sulf idne ba-
krove rude , ki v splošnem vsebuje okoli 35 % ba-
kra, 30 % železa in 35 % žvepla.5 
Pojasnimo še, zakaj z m e t o d a m a X R F in P IXE 
dobimo različne koncent rac i je bakra in železa. V 
obeh pr imerih namreč anal iziramo vzorec do raz-
lične globine. Doseg pro tonov z energi jo 1,5 Me-
V v glini je okoli 30 /xm, a tenuaci jska dolžina fo-
tonov z energi jo 22 keV, ki jih seva kadmijev iz-
vor, pa je okrog 2 mm. Ker je skorja debela le 
neka j dese t ink mm, predstavl ja h o m o g e n o tarčo 
samo za p ro tone . Pri obsevanju z rentgenskimi 
žarki se signali iz skor je pomeša jo s signali iz gli-
ne pod n jo in se tako zdijo šibkejši. 
Od slednih e lementov v skorji smo odkrili ar-
zen in svinec. Njune rentgenske črte se de lno pre-
krivajo, za to smo za svinec določili samo zgorn jo 
detekci jsko mejo . Koncent rac i ja a rzena glede na 
baker je bila 0,3-2 %, koncentracija svinca pa manjša 
kot 0,5 %. Tako majhne količine pomenijo, da arzena 
ve r j e tno niso dodaja l i v kovino n a m e n o m a . Ba-
kra tudi niso zlivali s kosi t rom, saj smo detekci j -
sko mejo kositra glede na baker ocenili na 0,6 %. 
Med drugimi pomembnimi slednimi elementi smo 
detekci j sko mejo niklja glede na baker ocenili na 
0,3 %, an t imona pa na 0,7 %. Ed ino kobal ta kot 
sledi v splošnem nismo mogli zaznat i , saj njego-
va črta K sovpada z železovo čr to K. Baker , ki so 
ga uporabl ja l i v zvezi s p r e d m e t o m 11852, tako 
4 K. Goldman, Bronzegusstechniken in prahistorischc Mit te leuropa, v: Archtiologisclie Bronzen - Antike Kunsl, Moderne 
Technik, Berlin (1985), 52-58. 
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1: Rentgenski spekter notranje (zgoraj) in zunanje površine (spodaj) največjega kosa predmeta 11852, izmerjen z metodo 
rentgenske f luorescence (XRF). 
' 'K- 1: X-ray spectra of the inner ( top) and outer surface (bot tom) of the largest piece of 11852, obtained by the X R F method. 
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SI. 2: Enako kot na st. 1, le da je meritev opravljena l metodo protonsko vzbujenih rentgenskih žarkov (IMXE), s protonskim 
žarkom v zraku. 
Fig. 2: The same as in Fig. 1, but for the method of PIXE using an external proton beam. 
zunaj/outside, XRF znotraj/inside, XRF zunaj/outside, PIXE znotraj/inside, PIXE 
Si - - 12.4 9 .4 
s - - 0 . 1 5 9 .6 
K 1.0 1.0 0 .9 0.7 
C a 5 .0 2 .6 2 .3 2 .6 
Ti 1.0 0 .16 0.9 0 .26 
Cr - - 0 .18 0 .20 
Fe 4 .3 3 .4 5 .3 17.8 
Cu 0 .05 1.5 0 .012 15.0 
As 0 .004 0 . 0 0 9 - 0 .09 
Zn 0 . 0 1 9 - 0.011 -
Tab. 1: Koncen t rac i j e izbranih e l emen tov na no t ran j i in zunanj i površini p r e d m e t a 11852, do ločene z m e t o d o ren tgenske 
f luorescence ( X R F ) in p r o t o n s k o vzbujenih ren tgenskih žarkov ( P I X E ) , s p ro tonsk im žarkom v zraku. 
Table 1: The concen t ra t ions of selected e l emen t s in the inner and ou te r sur face of 11852 ob ta ined by the m e t h o d s of X-ray 
f luorescence ( X R F ) and p ro ton induced X-rays ( P I X E ) using an external p ro ton beam. 
izvira iz su l f idne rude z a r z e n o m kot g lavno ne-
čistočo. 
Koncen t r ac i j e s lednih e l e m e n t o v so l ahko zna-
čilne za posamezno rudo ali produkcijsko obdobje.6 
V Evrop i niso našli zanesl j ive zveze med koncen-
t rac i jami s ledn ih e l e m e n o v in m e s t o m izdelave, 
p o t r j e n a pa je zveza med k o n c e n t r a c i j a m i in pro-
dukcijskim obdob jem. 7 V Sloveniji je arzen glavna 
nečis toča v b r o n u iz o b d o b j a H a A. 8 B a k r e n e ko-
vinske kepice iz egejske b r o n a s t e d o b e lahko vse-
b u j e j o do 4,5 % a r z e n a in 1 % nikl ja . 9 V našem 
p r imeru kovina s p r e d m e t a 11852 ni b r o n , am-
pak a r zenov b a k e r iz su l f idne rude . I zko r i ščan je 
sulf idnih in a rzen idn ih rud se je zače lo že v e n e o -
' i t skem o b d o b j u , p o t e m ko so po m n e n j u neka -
ter ih avtorjev1 1 1 izčrpali naha ja l i šča oks idnih rud 
v karpatskem bazenu. To je tudi najzgodnejša možna 
datacija p r edme ta 11852, ki jo dovoljuje vrsta rude. 
Pri p r e d m e t u 11851 n i smo našli razlik v vseb-
nosti bakra . Koncen t rac i j a bakra je bila okoli 0,01 
kar je p r imer l j ivo z v r e d n o s t m i , ki s m o jih na-
merili na zunan j i površini 11852. 
Opravi l i s m o tudi n e k a j poskusov z u l ivan jem 
brona v g l inas te ka lupe . Pri t em smo opazi l i , da 
se b a k r e n a ž l indra (kov insko sive ba rve ) m o č n o 
lepi na g l inas to površ ino . O b l i k u j e se v ž l indra-
sto skor jo , ki po barvi p r e h a j a od kovinsko sive, 
k j e r je debe le j ša , do t e m n o o k r a s t e in ze lene , k je r 
je t a n k a in zlita z gl ino. K o n c e n t r a c i j a b a k r a v 
ok ra s to -ze l en ih del ih je bila o k r o g 9 %. Bron , ki 
smo ga uporab i l i za poskus , je bil bak reno-sv in -
čeva l i t ina in je vseboval 8 % svinca. K o n c e n t r a -
cija svinca v skor j i j e bi la o k r o g 11 %, ka r p o m e -
ni približno desetkrat večje razmerje Pb/Cu v žlindri 
kot v čisti kovini . Ta r ezu l t a t m o r a m o r a z u m e t i 
kot svarilo, da so lahko e lementna razmerja v žlindri 
p r e c e j d r u g a č n a kot v litini. 
V zak l jučku l ahko p o v z a m e m o , da so p r e d m e t 
11852 zelo v e r j e t n o uporabi l i pri me ta lu r škem po-
s topku . V st iku je bil z a r zenov im b a k r o m iz sul-
f idne r u d e ali s s a m o r u d o m e d p rede l avo . S a m o 
iz ana l i t sk ih r ezu l t a tov ni m o g o č e določi t i n je -
gove podrobne vloge, ali gre za talilni lonček, kalup 
ali za kaj d rugega . Na p r e d m e t u 11851 nismo našli 
noben ih sledov m e t a l u r š k e de javnos t i , kar pa po-
vsem ne izkl jučuje možnos t i , da p r e d m e t p red -
stavl ja n e r a b l j e n o p o s o d o . 
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Traces of metallurgic activity on clay fragments 
Summary 
The ceramic objects numbered 11851 and 11852, described 
in detail in the preceding paper ,1 are probably f ragments of 
vessels used in early metallurgy. The evidence for this as-
sumption may be corroborated if some material indication 
of the melting process by were found. One can certainly expect 
that molten metal would leave some traces on the surface of 
a vessel, at least a thin layer of slag bearing the applied metal. 
The fragments of both objects were sufficiently well preserved 
for recognizing their inner surfaces which presumably made 
contact with the melted metal. Finding these surfaces en-
riched in metal would then strongly suggest that the objects 
11851 and 11852 were indeed used as metallurgic tools. 
Optical emission spectroscopy was used to prove the presence 
of copper (1-4 %) on the inner surfaces of the epilengyel 
casting spoon.2 A similar method was applied to demonstrate 
tin mining and smelting activities in the central part of southern 
Turkey. The concentrat ion of tin in dif ferent slag samples 
and walls of the ceramic crucibles were determined by elec-
tron induced X-ray spectroscopy and secondary ion mass 
spectroscopy. According to the results obtained, tin metal-
lurgy in the area was found to be highly probable . 3 
The surfaces of the two objects had varying appearances . 
Fragments of the object no. 11851 were of a graphite-gray 
colour, with no difference between the inner and outer sur-
face. The outer surface of object no. 11852 resembled semi-
burnt clay, but the inner parts were covered by a dark yel-
lowish-brown crust several tenths of a mm thick. A similar 
yellow layer can be seen on a stone mould shown in fig. 5 of 
ref. 4, though the colour was darker in the present case.4 
The f ragment surfaces were probed by two n o n d e s t r u c -
tive techniques which are based upon X-ray fluorescence: 
the s tandard X-ray f luorescence analysis ( X R F ) which used 
a cadmium radioactive source for excitation, and the proton 
induced X-ray emission (PIXE). For both methods, the sample 
atoms are ionized either by photon absorption (XRF) or proton 
impact (PIXE) . During recombinat ion, the a toms emit char-
acteristic X-rays which provide identification and quanti ta-
tive estimates of the target elements. The emitted X-rays were 
detected by a Si(Li) semiconductor detector of 150 eV/5.9 
keV resolution. Both methods essentially differed in the size 
of the investigated area. For the X R F method we used an 
uncollimated photon beam which irradiated several cm2 of 
the sample. For the PIXE, the beam area was a few mm2 . 
This fea ture of the proton beam enabled us to test smooth 
and homogeneous parts of the object surface. 
The X R F measurements were executed on all surfaces of 
the two objects which were sufficiently large and free of 
restorat ion glue. The results clearly indicate copper enrich-
ment on the inner surface of object no. 11852 (Fig. 1). The 
concentrat ion of copper on the surface of the crust was es-
t imated to be about 1.5 %, which is by a factor of 30 more 
than the copper content of 0.05 % in the raw clay, as meas-
ured at the outer surface. The copper concentrat ion on the 
medium sized fragment of object no. 11852 was smaller, about 
0.1 %. The inner surface of object no. 11852 was also en-
riched with arsenic, an impurity in copper ores. 
The PIXE measurements were performed on the two largest 
pieces of object no. 11852, as well as on the inner surfaces 
of object no. 11851. In the first set of measurements , the 
bombarding proton energy was 1.4 MeV and the samples were 
inserted into the vacuum chamber . The induced X-rays were 
detected in a broad energy window of 3-30 keV which al-
lowed detection of K lines up to antimony. Again a strong 
presence of copper containing traces of arsenic and lead was 
determined on the inner surfaces of object no. 11852. The 
ratios of concentrat ions determined on both sides of object 
no. 11852 were more than an order of magnitude larger than 
for the X R F measurements . Since no reference data was 
measured, we were not able to evalute absolute concentra-
tions. A second set of measurements was then per formed 
using a 2 MeV external proton beam. The absolute concen-
trations were evaluated with respect to the argon signal from 
the air, using thick aluminum and copper targets for refer-
ence. The energy window was set to 1-13 keV. No X-ray absorbers 
were used, except a 6.4 cm air gap between the target and 
the detector . This ar rangement enabled the observation of 
soft X-rays, but reduced the sensitivity for X-rays of higher 
energies (Fig. 2). The deduced concentrat ion was variable 
by 10 % for major components , though by a factor of two for 
the traces. 
The results (Tab. 1) indicate that the inner surface of object 
no. 11852 is markedly enriched in copper, sulphur, and iron. 
The concentrat ion of iron in the crust is increased by 12 %. 
We may deduce that the material stuck to the clay surface 
consists of 40 % copper, 34 % iron, and 26 % sulphur. These 
concentrations closely agree with the composition of the sulphide 
copper ore which generally contains about 35 % copper , 30 
% iron, and 35 % sulphur .5 
The differences in copper and iron concentrations obtained 
by the XRF and PIXE methods may be explained by the different 
depths of the analyzed material. In clay, the range of 1.5 MeV 
protons is about 30 nm, and the a t tenuat ion length for 22 
keV photons from the cadmium source is about 2 mm. As 
the crust is a few tenths of a mm thick, it represents a homo-
geneous target for p ro tons only. For 22 keV X-rays, the 
signals from the crust are intermingled with those from the 
underlaying clay and thus appear less intense. 
The trace e lements found in the crust were arsenic and 
lead. Their X-ray lines partly overlap, so only the upper 
concentrat ion limit was determined for lead. The concen-
tration of arsenic relative to copper was 0.3-2 %, and the 
respective concentrat ion of lead was smaller than 0.5 %. Due 
to these low levels, arsenic was probably not added to the 
cast metal deliberately. The copper was also not alloyed with 
tin since the detect ion limit for tin with respect to copper 
was est imated to be 0.6 %. Among other important trace 
elements, the detect ion limits for nickel and antimony with 
respect to copper were est imated to be 0.3 % and 0.7 % 
respectively. Only cobalt was not detectable at all since its K 
line coincides with the K line of iron. The copper used with 
the object no. 11852 thus evidently originates from the sul-
phide ore with arsenic as the predominat impurity. 
The trace element concentrat ions may be characterist ic 
for a particular ore and production site.h In Europe, the relation 
between the trace element concentrat ions and the produc-
tion site was found to be unreliable, but the correlat ion ex-
ists between the concentrat ions and the production period.7 
In Slovenia, arsenic is the predominant impurity in bronze 
during the Ha A period." Copper prills belonging the Aegean 
Bronze Age may contain up to 4.5 % of arsenic and I % of 
nickel.9 In our case, the metal of object no. 11852 is not bronze 
but arsenic copper from the sulphide ore. The exploitation 
of sulphide and arsenic ores began already in the Eneoli thic 
period, and according to some authors 1 0 a f te r the exhaus-
tion of the oxide ores in the Carpathian basin. This is the 
earliest possible dating of the object no. 11852, as permit ted 
by the ore type. 
No copper enrichment was found on the object no. 11851. 
The copper concentrat ion was about 0.01 %, which is com-
parable to the values at the outer surfaces of object no. 11852. 
We have also performed bronze casting experiments with 
clay moulds. It was found that the copper slag (which was of 
a metal-gray colour) sticks heavily onto the clay surface. A 
crust of copper slag was formed which varied in colour from 
metal-gray where it was thick, to dark ochre-green where it 
was thin and diffused in the clay. The copper concentrat ion 
in the ochre-green parts was about 9 %. The bronze used for 
the experiment was a copper-lead alloy and contained 8 % 
of lead. The lead concentrat ion in the crust was about 11%, 
which represents an increase by a factor of ten with respect 
to the copper concentrat ion. This result implies a precau-
tion that the elemental ratios in the slag may be notably different 
f rom those in the cast metal. 
In conclusion, the object no. 11852 was very probably used 
in a metallurgic process. It came into contact with the ar-
senic copper from the sulphide ore, or with the ore itself 
during the smelting process. From the analytic results alone 
it is not possible to de termine its functional use, whether it 
was a crucible, mould, or something else. No traces of metallurgic 
activity were found on the object no. 11851, which, however, 
does not exclude the possibility that this object represents 
an unused vessel. 
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